In tissue engineering and regenerative medicine mesenchymal stem cells (MSC) are widely used to replace and restore the function of dysfunctional or missing tissue. Recent studies have shown significant enhancements of the in vivo healing process following dentofacial bone augmentation procedures employing stem cell-loaded xenografts.
Introduction
Due to both, the increasing life expectancy in the western world and the availability of reliable surgical methods, the number of dentofacial bone reconstruction surgeries and thereby the demand for bone graft material increases constantly [1, 2] . However, suitable sources for autologous bone graft materials are limited and the harvesting procedure involves noticeable donor site morbidity [3, 5] . Hence, alternative bone graft materials featuring osteogenic characteristics comparable to those of autologous bone grafts are required. During the last decade, different research groups described significantly enhanced in vivo bone tissue augmentation performances employing xenografts due to stem cell loading [5] [6] [7] . Consequently, different bioreactor designs were developed to provide appropriated physiological conditions and mechanical stimuli to promote stem cell growth in 3D bone grafts [8, 9] . However, until today heterogenic stem cell distributions, especially in the center of 3D bone grafts, are a common problem during cell culturing.
In order to optimize both, the bioreactor design and the flow conditions, we conducted 3D CFD simulations modeling the interstitial fluid flow through a bioreactor and the pore network of a porous BioOss Block xenograft.
Materials and methods

Bioreactor and xenograft
For the experimental and numerical investigations, two different perfusion flow bioreactors were designed and built. Both bioreactors consist of a cuboid press-fit scaffold holder cassette ensuring perfusion flow through the xenograft and a cylindrical inflow-and outflow-area with the length l = 10 mm. However, the cylindrical inflow-and outflowareas of bioreactor design 1 and 2 feature a diameter of
The bioreactor holds a porous BioOss Block xenograft (Geistlich Pharma AG, SUI) composed of deproteinized and sterilized cancellous bovine bone with the dimension 14 mm x 14 mm x 24 mm. Based on data provided by Geistlich Pharma the xenograft features a bimodal pore size distribution with mean pore diameters of D p1 = 17 nm and D p2 = 1.07•10 5 nm for the microporous surface and the macroporous, highly interconnected, internal pore network, respectively. As shown in a previous work the xenograft features a porosity of 69% [10] .
Experimental setup
The developed flow perfusion system (see Figure 1) consists of a fluid reservoir with temperature control, a pump (Corio CD, Julabo GmbH, GER), an adjustable flow resistance, a flow rate sensor (LFS-008, Levitronix GmbH, SUI), the bioreactor holding the xenograft, and two pressure sensors (86A 3R-000000-005P G, Measurement Specialties Inc., USA). Pressure gradient-velocity characteristics were investigated at steady-state flow conditions using distilled water at 20°C for flow rates (Q) ranging from 0.001 ≤ Q ≤ 0.035 l/min. The bioreactor-xenograft-systems permeability κ was calculated based on the pressure gradient ∂p/∂x, the dynamic viscosity of the fluid µ, and the volume-averaged velocity using Darcy's law for creeping fluid flow (see eq. 1).
( ) Darcy's law, however, is only valid for fluid flows with Reynolds numbers Re < 1 (see eq. 2) [11] .
( )
Where ρ is the density of the fluid, u is a characteristic velocity and z is a characteristic length. Due to the highly porous scaffold structure z = D p2 and u = were selected [11] .
Numerical simulation
For both bioreactor designs, multiple CFD simulations (ANSYS Fluent, ANSYS Inc., USA) were conducted to solve the Navier-Stokes equations for incompressible fluids on the pore-scale level of the explicit 3D scaffold geometry. The 3D scaffold geometry was acquired by means of micro-computed tomography (Skyscan 1172, Bruker Corp., USA) at an isotropic spatial resolution of 9.5 µm. The geometrical model comprises the scaffold geometry with the length 2.4•l aligned within the bioreactor geometry (see Figure 2) . The velocities at the inlet were calculated from the experimentally investigated flow rates. Dynamic viscosity and density of 1.002 mPa•s and 998 kg/m 3 for distilled water at 20°C were specified, respectively. Boundary conditions are summarized in Table 1 . Mesh independent numerical solutions were achieved by demanding a change in the maximal flow velocity of less than 1%. The homogeneity of the flow within the perfused scaffold was quantified by the Hoover index H at two different xy-planes in the bioreactor that are aligned perpendicularly to the flow direction (see Figure 2 and eq. 3).
(Fehler! Textmarke nicht definiert.)
Results and discussion
The pressure gradient-velocity characteristics resulting from CFD analysis and fluid mechanical experiments are in good accordance for both bioreactor designs and consistently show a linear correlation between the two quantities (see Figure 3) . Since the Reynolds numbers range from 0.01 ≤ Re ≤ 0.32, Darcy's law for creeping fluid flow is applicable for the calculation of the scaffold permeability. Permeability values for the fluid mechanical experiments and the numerical simulations were calculated based on linear regression and are presented in Table 2 . Relative error of κ exp and κ sim for bioreactor designs 1 and 2 of 2.9% and 2.8% indicate good agreement of numerical and experimental investigations for both designs. Moreover, the Hoover indices were calculated and averaged in two different xy-planes of each bioreactor-scaffold-system to investigate the homogeneity of the flow distribution within the internal pore network of the scaffold. Figure 4 shows that the Hoover indices for both bioreactor designs increase with increasing flow rates. Furthermore, the Hoover indices of bioreactor design 1 are about 17% higher than in bioreactor design 2. The most homogeneous flow distribution was determined in bioreactor design 2 for Q = 1.2 ml/min. The wall shear stress distribution in the xz-sectional plane of bioreactor design 2 for Q = 1.2 ml/min is depicted in 
Conclusion
The current paper describes methods for a steady-state CFD simulation of perfusion flow through a bioreactorscaffold-system on the pore scale level of the scaffold. The validity of the numerical simulation was evaluated by fluid mechanical experiments. The comparison of the calculated permeability values demonstrates good agreement between numerical and experimental data. Moreover, the Hoover indices calculated from the simulation data were used to identify optimal flow conditions and to determine the influence of the bioreactor design on the flow distribution. The simulation data indicates that an increase of the inflow-and outflow-area diameter, as well as the decrease of the flow rate, lead to a decreasing heterogeneity of the flow distribution.
Since the shear stress rate is thought to be one of the most important mechanical stimuli for bone remodeling processes, employing MSC, in vivo, CFD data was used for the calculation and visualization of the wall shear stress rate (WSS) inside the scaffold [12] . With an average WSS of = 0.01 Pa, the calculated WSS is smaller than what is typically used for the cultivation of MSC in 2D structures. However, in successful 3D stem cell culturing experiments, other groups determined shear stress rates ranging from 0.1•10 -3 ≤ ≤ 0.3 Pa [12] . Thus, the numerical data provided in this work lie within the range of previously published experimental data.
The presented approach provides a useful toolbox for the optimization of both the flow conditions and the design of bioreactors in order to achieve homogeneous flow distribution in a scaffold. In future studies, biological experiments are planned to identify fluid mechanical quantities such as WSS which can be used as indicators for the reliable prediction of MSC adhesion on the surface of 3D scaffolds. 
